Soil erosion is a serious environmental problem that has adversely affected the world's food production through the reduction of land productivity and water availability. The present study estimated annual soil loss rate and its spatial distribution in the most important Brazil's agricultural region, the Brazilian Cerrado, using Revised Soil Loss Equation (RUSLE) model into Geographic Information System (GIS) framework. For this purpose, the soil erosion annual rate was determined in function of RUSLE model factors: rainfall erosivity (R), soil erodibility (K), topography (LS), crop management (C) and supporting conservation practice (P). All factors were obtained from literature. They were processed and integrated into a GIS, resulting in a map of annual soil loss rate. The methodology applied showed acceptable precision and it was possible to identify the most susceptible areas to water erosion. The average estimated rate of soil loss for the entire Cerrado was 12.8 t•ha . Except for annual crops, all farm and silviculture areas showed average soil loss ranging from moderate to high rate. These results suggest that the implementation of more effective management techniques and conservation practices are necessary for the Cerrado to maintain and to improve land productivity by ensuring national and international food demands.
Introduction
Soil erosion is a serious environmental problem that has adversely affected the world food production through the reduction of land productivity and water availability [1] . Erosion is a natural geomorphic process resulting from removal topsoil by wind and water [2] , and it can be influenced by several factors such as climate variables, slope steepness, soil physical parameters, vegetation and land use patterns [3] . Moreover, erosion process can be intensified by human intervention through inappropriate land use and land cover changes. In this context, severe soil erosion has occurred in the world's major agricultural regions and the problem has increased as agricultural activities intensified grown in the forest fringe areas [1] .
Agricultural extensification and intensification without taking into account the bearing capacity of soils have accelerated the erosion processes in some tropical regions [4] . These areas are particularly important in the global agricultural scenario because world food projections have pointed out tropical regions as a potential source of farmland expansion to ensure food security to an additional 2.3 billion people by 2050 [5] [6] [7] . However, many of these regions have been classified as a hotspot of land degradation due to water erosion process [8] .
Brazil has become the second-largest exporter of agricultural products in the world, especially due to production expansion into soils of tropical savanna also known as Cerrado [5] . In 2009-2010, the Cerrado accounted for 70% of Brazil's food production [9] including about 95% of cotton, 54% of soybeans, 55% of meat and 43% of sugarcane produced in Brazil [10] [11] . It is the most important country's agricultural region and has been considered as one of the world's great breadbaskets [12] . However, the Cerrado is highly susceptible to water erosion due to the fragility of its landscape and its climatic characteristics [13] .
Agricultural expansion may be leading severe arable land erosion causing different environmental problems and loss of biodiversity [8] . Therefore, the evaluation of soil erosion in the Cerrado needs to receive major attention since Brazil is expected contribute 40% of global food demand by 2050 [14] .
However, for a successful erosion assessment inside a fragile landscape it is essential to have quantitative soil erosion data and its spatial distribution. From these data, it is possible to design and implement appropriate erosion control where conservation measures will have a great impact on reduction of soil loss and water conservation [15] . There are different methods to assess quantitative soil erosion [16] . Universal Soil Loss Equation (USLE) [17] and Revised Universal Soil Loss Equation (RUSLE) [18] are the most frequently used. Advantages of these methods are simplicity, effectiveness of the equations, and success in predicting long term average annual soil loss with acceptable accuracy [19] .
These models were originally used for local conservation planning and their factors were usually estimated or calculated from field measurements [17] .
Quantifying soil loss based on erosion plots cannot provide the spatial distribution of soil erosion in large and difficult access areas, as in several regions of Brazil, due to limitations in terms of cost, representativeness, and reliability of the results data [20] [21] . However, when assessment of soil erosion is integrated with a Geographical Information System (GIS) environment is possible to estimate soil erosion and its spatial distribution with a reasonable time, cost, and labor reduction and to improve accuracy in large areas [20] . This integration has been widely used, especially in developing countries, such as Brazil, India, and Turkey [20] [21] [22] [23] [24] . Thus, the main objective of the study is to estimate the spatial distribution of annual soil loss rate using RUSLE model integrated into a GIS, and investigate the relationship between farmland and forestry uses with soil loss for Brazilian Cerrado, the most important agriculture region in Brazil. In general, studies estimate annual soil loss rate in small regions [22] [25] [26] . Here, we present a spatial distribution of annual soil loss rate for the entire Brazilian Cerrado.
Materials and Methods

Study Area
Brazilian Cerrado (Figure 1 ) is one of the richest and most diverse tropical savanna in the world [27] covering approximately 2 million km 2 of the Brazilian Central Plateau (24% of the whole area of the country). The region has a markedly tropical wet and dry seasons with annual precipitation varying from 800 to 1800 mm [28] . The average annual temperature varies from 20˚C to 26˚C [29] .
Predominant soil types in the Cerrado area are Ferralsols (~41%), Arenosols (~15%), Acrisols (~12%), and Plinthosols (~10%) [30] based on the FAO classification [31] . The region is relatively flat with low relief and flat to gentle slopes. [32] . The four main vegetation types are grassland (campo limpo), grassland with scattered trees (campo sujo), savannah (cerrado in the strict sense), and woodland (cerradão) [28] [33] . The Cerrado region is considered as one of the most important and threatened ecosystems in the world [34] due to agricultural extensification and corresponds to a land degradation hotspot where large areas are being affected by erosion process [8] . In addition, the Cerrado region is home of the Brazil's new agriculture frontier, commonly called "MATOPIBA"
which is an acronym created from the first two letters of the four Brazilian states:
Maranhão (MA), Tocantins (TO), Piauí (PI) and Bahia (BA). This region has been characterized by rapid changes in land cover and land use for pasture and cropland [35] .
Data Acquisition and Processing
In this study, all input data for the RUSLE model were stored, analyzed, and vi- e) Others-artificial areas (e.g. urbanized zones, road systems, non-agricultural systems), continental water bodies, coastal water bodies, and uncovered lands (e.g. rocks outcrops and sand dunes).
The Agriculture unit was split over into three classes aiming to separate agricultural areas from forest vegetation and grassland: annual (grains), semi-perennial (sugarcane), and perennial (coffee and citrus). For that, Agriculture unit was multiplied by spatially explicit data of grains [38] , sugarcane [39] , coffee [40] and citrus [40] . As a result, it was obtained Annual, Semi-perennial and Perennial agricultural units while residues were reclassified as Natural vegetation.
Therefore, the resulting map comprises seven land-use units: Pasture, Natural vegetation, Forestry, Annual crops, Semi-perennial crops, Perennial crops and Others.
Methods
RUSLE Model
Estimation of soil loss and its spatial distribution were obtained using RUSLE model integrated into a GIS. RUSLE is an empirical mathematical model developed to estimate soil erosion water [18] . The evolution and the improvement over the USLE lead to the RUSLE computer program. In the same way as its predecessor, the model does not estimate sediment deposition on the slope [41] , but only establishes an estimate of the average annual soil loss caused by rill and interril erosion [42] . As a result, the RUSLE model estimates the potential soil loss rates, which indicate the intensity of the erosion processes. The model is a product of five factors, according to Equation (1):
where A is the annual average soil loss per unit of area (t•ha
), R is the rainfall-runoff erosivity factor (MJ•mm•ha
), K is the soil erodibility factor
), LS is the slope length and slope steepness factor (dimensionless), C is the crop management factor (dimensionless), and P is the erosion control practice factor (dimensionless). Integrated into a GIS, soil erosion loss was calculated on a cell-by-cell basis in order to recognize the spatial patterns of soil loss. Thus, each factor was calculated taking grid cells of 2822 m × 2822 m as reference and an uniform spatial analysis environment for GIS modeling was established [22] . In general, grid cells should be as small as possible to allow erosion to be characterized with a better resolution [22] . However, in this study, we had to use a 2822 m spatial resolution for all factors considered because no references about R-factor was found with better resolution than 2822 m for the study area. Spatial distribution of soil erosion loss was produced multiplying all factor layers to produce a final map. The methodological approach followed in RUSLE has been detailed in the simplified flowchart depicted in Figure 2 . Figure 2 . Flowchart of the methodology to estimate averaged rate of soil loss and its spatial distribution for Brazilian Cerrado using RUSLE model integrated into a GIS.
Rainfall-Runoff Erosivity Factor (R)
Erosivity factor (R) represents the erosive power of precipitation in a given soil, regolith or other weathered material. Precipitation is the driving force of erosion and has a direct effect on different phases of the erosional processes including the detachment of soils particles, the breakdown of aggregates and the transport of eroded material by runoff. The R-factor is the kinetic energy of raindrops that fall onto the ground and is affected by rainfall intensity and raindrop size [17] . Figure 3 shows rainfall-runoff erosivity factor map.
Erodibility Factor (K)
The soil erodibility factor (K) is a property that depends upon two factors; the first one is the infiltration capacity to resist the detachment and transportation by rainfall and the second one is the runoff process [43] . Therefore, K values reflect the rate of soil loss per rainfall-runnoff erosivity (R) index for a specific soil [18] . The K-factor varies from zero to one, in which zero refers to soils with less susceptibility to water erosion while one refers to soils higher susceptible [44] .
The K-factor map was produced based on soil map and erodibility values published from several studies conducted in different areas of Brazil for the same soil types. The K values for each soil type of Brazilian Cerrado can be observed in Table 1 . 
Topographic Factor (LS)
The topographic factor represents the influence of the relief on the erosion process [18] . The LS-factor depends on the slope steepness (S) and slope length (L) factors considering slopes as uniform profiles. In general, soil erosion increases as the slope steepness increases due to increased runoff flow velocity. As well as, soil erosion increases as slope length increases because of rising accumulation of runoff in down slope [17] [44] . Maximum slope length are seldom longer than 600 ft or shorter than 15 -20 ft [52] . Both are obtained from Digital Elevation Model (DEM) considering different approaches and methods [22] [53]. This study was based on [53] that calculated L-factor using as reference the upslope contributing area of each cell according to Equation (2):
where L i,j is the slope length factor for grid cell with coordinates ( i,j ). A i,j-in is the contributing area at the inlet of grid cell with coordinates ( i,j ) (m 2 ); D is the grid cell size (m); m is a dimensionless exponent that depends on slope steepness (S); x i,j is flow direction value for the grid cell with coordinate ( i,j ). The exponent m was calculated according to [17] being S < 1%, m = 0.2; 1% ≤ S ≤ 3%, m = 0.3; 3% < S ≤ 5%, m = 0.4; and S > 5%, m = 0.5.
The S factor was calculated based on [54] , according to Equations (3) and (4) 
where θ is the slope angle (˚). Slope steepness was divided into six categories based on [55] as depicted in Table 2 .
Cover and Management Factor (C)
The cover and management factor (C) represents an integration of several factors that affect erosion, including vegetative cover, plant litter, soil surface and land management [17] [18] [52] . This is the second most important factor in RUSLE, only after topography, since it represents the conditions that can be easily changed to reduce overland flow and soil erosion [22] [44]. Although treated as an independent variable in the equation, this factor depends upon other factors. The C-factor varies from near zero (for a good erosion protection) to one (for a poor erosion protection) [56] . As mentioned before, in this work was considered seven land use classes for Brazilian Cerrado: Pasture, Natural vegetation, Silviculture, Annual crops, Semi-perennial crops, Perennial crops and Others.
The C-factor values extracted from literature and percentage of the area to each land use are presented in Table 3 . 
Supporting Practice Factor (P)
The effect of erosion control practice (P) represents the relationship between soil loss with a specific support practice and the corresponding loss with up-down slope cultivation [64] . P-factor varies according to soil conservation practices and, thus, it has a strong influence on soil loss [22] . Practices characterized by P include strip-cropping and terraces and are not applicable to most forested region. Since the soil conservation practices for each system cannot be known for entire Brazilian Cerrado, where about 880,000 km 2 are occupied by farmlands, the values for P-factor were determined according to [65] that calculated this factor based on slope angle (α). Thus, the P was 0.6 for 0 ≤ α ≤ 5%, 0.69947 − 0.08991 α + 0.01184 α 2 − 0.00035 α 3 for 5% < α ≤ 20% and 1.0 for α > 20%.
Results and Discussion
The spatial distribution of all RUSLE's factor (K, C, LS and P) can be observed in the Figures 4-7 , respectively. The variety of soil types produced a large spatial variability ( Figure 4 ) where 56.35% of total area has K-factor higher than 0.03
•mm −1 (Table 1 ). These results indicates that more than half of the soils in the Cerrado show high susceptibility to water erosion [22] . Arenosols, Acri- LS-factor is very important in RUSLE since the topography affects the runoff characteristics and sediment transport [64] . The Table 4 presents the area distribution of each LS-factor intervals. About 93% of total area of Cerrado has a LS values above 5, which refers to moderate vulnerability to water erosion [22] , while only 2.69% of its total area has LS-factor greater than 10, indicating high vulnerability to water erosion [22] . crops. In general, conventional tillage, with plowing and disking, is adopted in most of agricultural systems in Brazil, which favors the erosion processes [66] . In many silviculture systems, conventional tillage also is employed [60] . In addition, depending on the silviculture development phase, soil cover varies from zero to ninety percent. C-factor values of 0.90 are attributed to planting phase (0% of cover soil), 0.28 to intermediate phase (60% of cover soil), and 0.05 to final phase (90% of cover soil) [67] . Taking into account that silviculture development phase cannot be known for the entire Brazilian Cerrado area, we adopted C-factor of 0.30. Annual crops have a lower C-factor value (0.08) because more than 50% of its area is managed using conservation tillage practices, which significantly decreases soil losses [68] . With regard to pasture, it was estimated, from experimental data, C-factor values of 0.061 and 0.007 for highly degraded and not degraded pastures respectively for Cerrado [57] . Considering that approximately 80% of pasture in Cerrado has already some degree of degradation [58] , we adopted a C-factor value of 0.05 for all pasture area. Vast areas with C-factor between 0.08 and 0.05 are located in practically all states covered by the Cerrado (Figure 6 ). Natural vegetation has the lowest C-factor values indicating very good soil protection; most of these lands are in the MATOPIBA region which is situated in North of Cerrado biome.
The P-factor varies according to soil conservation practices. In this study P-factor was based on slope values to define conservation practices and the values varied from 0.6 to 1 (Figure 7 ). Values closer to 0.6 indicates most efficient conservation practices, while values closer to 1 indicates less appropriate conservation practices. In general, P-factor was closer to 1 in most steep areas (undulating and strongly undulating relief). , which may be considered as moderate soil loss [69] . The values estimated in our analyses are consistent with those observed by [26] , who estimated average rate of soil loss rate of 12.5 t•ha •yr −1 for forestry, semi-perennial, and perennial crops, respectively.
The lowest values were obtained for annual crops with 9.8 t•ha −1
•yr −1 mainly due to no tillage practice, followed by pasture with 13.3 t•ha −1
•yr −1 . The Table 6 shows comparative soil loss values obtained from this study and other studies performed in the different regions in Brazilian Cerrado. Soil loss values variation can be attributed to methodological differences with regard to how the models factor were obtained and the difference between C-factor adopted for each category of land use. 
Conclusions
The methodology applied for estimating annual soil loss and its spatial distribution (RUSLE integrated into GIS framework) in the Brazilian Cerrado, showed a good precision and it was possible to identify the most susceptible areas to water 
